Significant advances have been made over the last 15 years in the field of modelling the acoustic properties of foams from the description of their microstructures. It entails a multidisciplinary work at the junction between physico-chemistry and mechanics of porous media, which involves a dialogue between different disciplines and requires the joint development of several techniques (imaging, upscaling, numerical computations, and experimental identification). It seems to be of timely interest to take stock of the methodological developments that have provided guidance on how to manufacture the new generation of foams with enhanced properties and to identify possible future methodological developments.
Introduction
The general objective of our work is to estimate the long-wavelength acoustical macro-behavior of real porous media from a local geometry model, a three-dimensional idealized periodic unit-cell representative of the random microstructure [1] . Attention is focused on solid foams (which are of great interest for transportation and building industries). This research is situated at the junction between three different domains: structure, properties, and manufacturing ( Fig. 1) . Material sciences provide most of the local geometry models and microstructure data. Engineering mechanics and to some extent statistical physics develop the main tools for multi-scale analysis of physical properties such as permeability from which part of the acoustical macro-behavior can be deduced. Physicochemical and manufacturing processes play a major role in the final product and its applications and the principal levers of microstructure modifications through manufacturing processes must be identified not only to understand and predict material properties but also in view of their improvements. The approach presented in this paper may be extended to other families of porous media such as fibrous or granular materials and the presented results generalized.
This core of the communication is based on previous papers which have been selected to exemplify the research carried out. It should represent, in a rather compact form, the main aspects of the methodology which has been used to achieve the general objective.
For the sake of understanding, we proceed by a progressive increase in complexity. First, three-dimensional idealized geometry and transports provide most of the visco-thermal dissipative phenomena appropriate for modeling sound absorbing materials [2] . Second, the solid matrix is allowed to be deformed under small perturbations to account for the effective elastic properties; an essential feature for sound insulating simulations [3] . Direct extensions of this work could deal with an improvement of local geometry modeling (cell size elongation or degree of anisotropy, description of the struts and membranes by Plateau borders). But most real advances are obviously related to the advancement in each of its principal components. Therefore, modeling advanced geometries or providing optimal configurations should be accompanied with simultaneous improvements in the characterization techniques (elastic properties of the base material, components of the permeability tensor) and manufacturing processes (better control of the mold temperatures to suppress skin or tailoring gradient effects). This could hardly be done without reinforcing collaborations between researchers from various disciplines and groups.
An important aspect of research is that relationships between microstructure and macroscopic properties have been established, as far as possible, without any adjustable constant. This provides us with a firm framework of analysis, where the representativity of the local geometry model can be checked directly from microscopy, and each predicted macroscopic property validated from measurements (when it is not an input data) with a clear physical interpretation. This was a compulsory condition for the success of this approach. This firm link is very useful, since it stimulates general discussion, questions, remarks, criticism which greatly benefit the advancement of acoustic materials understanding.
The design of lightweight structures aims, above all, at an optimal compromise between structural properties, transport, and acoustical performances which should be compatible with some industrial requirements. Studies on the way to address the Representative Elementary Volume (REV) issue of a porous medium, which provide the basis for conducting optimization analyses, can be considered in the context of three basic categories: cellular materials, homogenization, and mathematical morphology. Cellular materials were the focus of much attention during the past decades [4] , [5] . By considering elementary cells, material scientists have produced insight into mechanical properties of porous materials, revealing how idealized building blocks of real materials are useful to derive scaling laws whose coefficients might be identified experimentally. This heritage, combined with theoretical results originating from fluid mechanics [6] have interested acousticians because they can be reexamined in an attempt to identify fruitful micro-macro, or more precisely macro-micro forms of equations relating porous materials density with a first approximation of their mechanical and transport properties [7] - [10] -a prerequisite to the optimization of acoustical performances. The great advantage of this approach is to propose simple macro-micro relationships which can Page 2 of 7 18/06/2018 be incorporated into complete vibro-acoustic finite element codes relaying on the Biot theory [11] . An illustration of such an approach is provided by recent works where the foam is no longer placed in a layer of its own but rather distributed in the core of the panel using topology optimization [12] . This approach is however limited by the fact that the trends suggested by numerical analysis can lead to nonmanufacturable foams. It is therefore crucial to develop relationships between microstructure and macroscopic properties of porous materials accompanying manufacturing processes. To extend further the scaling laws to foams whose closed pore content might be significant, some semi-empirical studies by Doutres et al. used coefficients that were fitted with a number of experiments [13] , [14] . Such laboratory measurements are of indisputable value; however, their usefulness may be limited to a specific range of available materials already manufactured. Importantly, such curve fittings cannot reflect what are the microphysical origins behind coefficient modifications; suggesting that this approach is not the most appropriate for developing innovative materials.
In contrast, a second category of studies, which is based on numerical homogenization method, is assumed to represent the essential physics at the pore scale providing a scale separation, and was associated specifically with PUCs whose geometry is enriched as desired. Thus, research activity in this area may reflect specific attention for a particular shape, from purely open cells [15] to situations where a variable closure rate of membranes was employed to reveal those microphysical effects associated with transport phenomena [16] and linear elasticity [3] . The link between micro and macro scales is provided by the theoretical results obtained from the homogenization of periodic structures' technique; indicating the boundary value problems to be solved at micro-scale, the structure of governing equations at macro-scale, and how the associated coefficients should be computed (macroscopic properties) [17] - [19] . Semiphenomenological models may be used in order to compute only the asymptotic transport parameters [20] , instead of the overall dynamic response functions of the porous medium -frequency by frequency [21] - [23] . Such PUCs, as expected, represent both realistic and parametrizable salient features [2] , [24] of the real microstructure, allowing cellular morphology modifications to be followed, from the scale of the local geometry to the one of the engineer, where the applications on acoustics take place [25] . This builds up an appropriate framework of discussion with chemists. At the present time, however, there was no optimal morphological configuration rising from this category which was shown to be manufactured. This could be attributable to the difficulty of gathering people from disciplines and scientific cultures usually disjoined.
The third category which can be encountered when studying the REV of a porous material is generally characterized by advanced imaging techniques [i.e., micro computed tomography (µCT)] associated with statistical tools originating from mathematical morphology [26] used in order to generate a porous sample statistically identical to the real one such that the disordered nature of porous media is preserved [27] - [29] . This leads to more realistic structures with a detailed description of the real medium. But because the structures are more realistic they may also be actually more difficult to parametrize, so that it is hardly possible to examine how microstructural features are related to acoustical performances and to clearly identify the optimization levers. 
Materials and Method
Cellular structures may be reticulated or closed cell, or somewhere between depending on formulation, processing and post-processing operations [30] .The physical properties of foams depend in a complex way on many factors, some of which cannot be varied independently. Material factors include: the composition of the base material, formulation and cell structure. The majority of cellular polymers result from the nucleation, growth and expansion of gas bubbles in a melt or reacting liquid system. Representations of idealized structures corresponding to different manufacturing processes are given in Fig. 2 . If the expansion process is allowed to continue the bubbles touch and distort to fill the interstrices, forming, in the three-dimensional case, polyhedral structures which are often represented in the literature by the idealized form of a Kelvin cell. The membranes between the cell struts which result from the intersection of the spherical bubbles (the 'windows') may be ruptured. In the case of polymeric foams this can be achieved by means of a chemically based cell-opening mechanism or by post-processing treatment (reticulation) [31] .
When an acoustic wave propagates through an air saturated porous media having a motionless and isothermal skeleton, the frequencydependent interplay between viscosity and inertia, and thermal conduction produce a spatial gradient of fluid velocity and temperature; and the shear combined with heat transfer between successive layers of fluid causes compression wave attenuation [32] . The characteristic lengths of the compression waves created by an oscillating body in which the main visco-inertial and thermal dissipation processes occur are the viscous and thermal boundary layers. They respectively scale as (ν/ω) 1/2 and (ν'/ω) 1/2 , in which ν = η/ρ 0 is the fluid's cinematic viscosity, ν' = κ/ρ 0 C p is its thermal diffusivity, ω is the angular frequency of motion; and where η is the fluid's dynamic viscosity, ρ 0 is its density at rest, κ is its thermal conductivity, C p is the specific heat at constant pressure. For small perturbations, because the wavelength λ of the incident compression wave greatly exceeds the typical pore size D of the motionless porous media at audible frequencies, visco-inertial motions and thermal conduction can be decoupled within a pore. The viscous forces at low frequencies (Stokes flow), inertial forces at high frequencies (potential flow formally identical to electric conduction), and thermal conduction at low frequencies (similar to diffusion-controlled reactions) together determine all the transport parameters within a porous material.
On the other hand, the elastic behavior of the solid matrix is subsequently incorporated as an additional pressure source term for the fluid flow to recover the Biot-Allard theory from first-principle calculations. The effective mechanical properties are obtained numerically for different solid foam models from finite element calculations and may be compared to values coming from experiments on real samples. The effective linear-elastic properties of the solid networks are determined by a finite element scheme operating on discretized representations of the structure; see [3] for further details. The material constituting the skeleton is assumed to be locally isotropic and linear-elastic; the elastic properties of the gaseous fluid phase are considered as negligible compared to the ones of the solid skeleton.
The effective elastic longitudinal modulus E L and Poisson ratio ν L are obtained by applying two macroscopic external strains on the cube that bounds the solid foam model: a tensile strain and a shear strain related to the main coordinate directions. Since the selected solid foam models have cubic symmetry, three independent elastic constants C 11 , C 22 The real porous frame does not have the cubic symmetry. On the contrary, real foams are either isotropic or transversely isotropic, the isotropy plane being orthogonal to the growing direction of the foam during the manufacturing process. However, the main idea is that "locally", the elastic properties of the material are correctly represented by a cellular model which exhibits cubic symmetry. The properties of "effective" materials having isotropic or transversely isotropic properties can be obtained by considering that the local cubic cells can have random orientations. Following this idea, the effective elastic properties of an effective transversely isotropic material (resp. of an effective isotropic material) correspond to the properties obtained by random orientation of the unit cell when using arbitrary rotation around a given axis (resp. when using any arbitrary rotation in space). It should be interesting to use the average of effective properties corresponding to different orientations of the unit cell. As is well known, this average corresponds to bounds on the effective properties. Thus, two bounds on the effective properties can be obtained, one given by averaging the elasticity tensor (components C ij ) the other by averaging the compliance tensor (components S ij ). Due to the fact that properties corresponding to different orientations display a moderate contrast, these two bounds are close and in the following procedure, only the bound related to the average of compliances will be used. The detailed expression obtained by this angular averaging procedure yields for the isotropic case a lower bound for the Young's modulus of the isotropic material: 
Results and Discussions

Microstructural optimizations and sound absorbing properties
The sound absorption average (SAA) rating is analyzed as a function of the porosity ϕ and the pore radius Rp (Figure 2 ). The resulting 2D maps and the corresponding SAA 125-4000 ratings are presented in Fig.  3 for the diffuse field (DF) excitations with a thickness of 25 mm. The thick line shows the morphological configurations maximizing the sound absorption rating SAA 125-4000 . The contours enabling 95% of the maximum performance are also shown in these maps.
The calculated configurations maximizing the sound absorption rating (SAA 125-4000 ) for thicknesses between 10 and 50mm are also given for the DF excitation (see Fig. 4 ). The zones having a rating higher than 95% of the maximum SAA are also illustrated for each thickness. The value of 95% is taken for each thickness using the reference of the maximum SAA for the considered thickness. Table 13 .1 of Ref. [33] and a picture of the morphology can be found in Fig. 3 of Ref. [34] . In contrast, the maximum in sound absorption for open cell foams that have a thickness around 10 mm is directly linked to microstructural characteristic lengths (i.e., pore and throat size) that must be smaller. As it can be seen from Figs ). An analysis of the data reported in Ref. [35] reveals that there are three means to improve the sound absorption of this foam:

The simplest way to improve the sound absorption properties of this foam is to provide it into the thickness corresponding to the best achieved rating at a given pore radius. It is shown in Fig. 4 that this kind of foam should be used with a thickness of 50mm when a DF is taken as the excitation.  If the pore size can be reduced to Rp ~ 80 µm, this would lead to a significant improvement of the sound absorption with a DF excitation while keeping the initial thickness of 20mm and the porosity ϕ = 0.85. The throat size would be reduced to Rt ~ 30 µm and the single number rating SAA 
Microstructural optimizations and sound insulating properties
In all of well-known automotive insulation solutions such as mass spring system or Light-Weight Concept (LWC: 3 layers, absorber + barrier + decoupler), the foam layer in contact with the body in white is used as a decoupler [36] . This section will focus on this decoupling function optimization. For this purpose, a pure insulation "massspring" system is studied with a heavy layer (HL) on the top of decoupling foam (Fig. 6) . The heavy layer is a high density impervious material representing the "mass" element; this layer is separated from the steel via the "spring" foam to form a double-wall system (steel + foam + heavy layer). To estimate the performance of the insulator (heavy layer + foam) independently from the steel, the Insertion Loss (IL) is proposed as the difference of transmission loss (TL) between the overall system with steel and the one without steel: IL = TL Insulator + Steel -TL Steel . Generally the Insertion Loss of such double-wall system increases at about 12 dB/octave up to the coincidence frequency when it works properly. This approximate linear increment leads this classic concept to be used efficiently in many cases to answer the insulation demand in vehicles.
This part is dedicated to defining the optimized microstructures of polyurethane (PUR) foam corresponding to its best decoupling function. For this purpose a simple system is studied with heavy layer of 3.5 kg/m 2 on the top of 20 mm soft PUR foam, this double layer is laid on a thin steel plate. A previous study was carried out by Duval et al. to set the Biot-Allard parameters target setting for insulation problem [37] . The objective of this work was to improve the BiotAllard parameters of a so called standard soft foam by changing only one parameter at a time and by computing the corresponding Transmission Loss with the FTMM (Finite Transfer Matrix Method) simulation [33] . Then the microstructure of the foam corresponding to improved parameters could be determined by using a hybrid numerical approach [16] revealing an admissible morphological path. This latter method allowed defining a better foam microstructure but is not necessarily an optimal due to the low number of investigated cases.
Considering this limitation, an advanced numerical experiment was performed. The hybrid numerical approach applied for foam by Hoang and Perrot was used, with three input parameters: porosity, airflow resistivity, and a microstructural size such as the pore size. The elastic parameters of PUR foam were however fixed: density ρ = 55 kg/m 3 , Young's modulus E = 15 kPa. Several parametric studies are then carried out for a large range of input parameters. For each triplet of input parameters, a set of transport parameters is defined corresponding to a unique microstructure of foam. The Insertion Loss of the HL − foam system is then computed by using FTMM simulation with a spatial windowing to take into account the finite size of sample [33] . Because the simulated Insertion Loss is a frequency-dependent parameter, the Insertion Loss at 1000 Hz, named "IL 1000Hz ", is proposed to approximately represent the insulation performance of the insulator from the IL curve.
Following this approach, the effect of cell size D is first studied. A large range of cell sizes is used which respects the pore sizes of common PUR foams. The input airflow resistivity σ increases from a low value of about 10 000 Nm -4 s to a sufficient high value beyond the upper foam's airflow resistivity limit defined by Duval et al. [37] . Fig. 7(a-b) corresponds thus to a triplet of input parameters, from which a foam's microstructure together with a set of transport properties are determined. The acoustic performance defined by IL 1000Hz is computed thanks to these transport parameters and presented by different colors in the figure. The non-physical input parameters corresponding unrealistic microstructural configurations were suppressed (purple color). Regarding porosity, we note that in the range between 0.90 and 0.99 the optimal area IL 1000Hz varies significantly. For example, at a porosity value equal to 0.95 the high performance area is larger and about 0.5 dB compared to the performance area obtained with a porosity equal to 0.90 ( Fig. 7(a-b) , h 2 > h 1 ). Consequently it is important to take the influence of porosity into account in the foaming process.
To investigate the influence of membrane content on the performance of the decoupling foam, the same strategy is used with the membrane closure rate δ/δ max replacing the cell size D as the input parameter. The result illustrated on Fig. 8a indicates that δ/δ max must be inferior or equal to 1 to be in the optimal area with an IL 1000Hz better than 23 dB. Using the proposed model, this means that it is preferable not to have any closed window on the real foam sample. It must be emphasized that the tortuosity strongly depends on the membrane closure rate: this parameter increases while the membrane content becomes larger. That explains why tortuosity α ∞ should not be greater than two to be in the high performance area, as illustrated on Fig. 8b . See [38] for further details. 
Conclusions and Outlook
Initially, the main concerns of the pioneering studies in this field has been to reveal whether idealized unit cells can be used to capture the main physics of visco-thermal and structural losses when sound waves are propagating through a porous media. With theoretical results from homogenization of periodic structures, imaging techniques, numerical methods and experimental validation procedures, research interests focused on revealing the microstructural configurations which can be used to effectively enhance sound proofing under the constraints of a given manufacturing process. The following critical questions have motivated several works at the junction between different disciplines. Are there periodic unit cells that can be identified as being able to emulate properly heterogeneous media (such as real solid foams of industrial interest)? Is there a direct comparison between measured and modeled characteristic sizes of the microstructure? What are the local geometry features playing a significant role in the propagation and dissipation of audible sound waves in real porous media? Important conclusions drawn from several previous studies can be summarized as (1) A direct link between the microstructure morphology and the acoustical macro-behavior can be obtained all along the multi-scale modeling process without any adjusted parameter. (2) Controlling pore and throat sizes is a useful strategy for engineering the sound absorption spectrum and sound transmission loss of foams.
This overview has focused on recent advances in microstructural approaches for modeling and improving sound proofing properties of cellular foams. For large scale applications, low cost mass manufacturing is an inevitable step. However, 3D printing is still too expensive for mass manufacturing, and the use of the concept of optimization under an admissible manufacturing way still promising not only to better understand dissipation mechanisms but also to support the development of novel materials (composite structures, recycled materials, highly heterogeneous and hierarchical materials).
